A software tool is presented to help in the teaching of the electromagnetic theory of open dielectric waveguides. The study of the modal spectrum of canonical closed waveguides is a basic topic in any course of electromagnetics or microwave engineering. However, surface-wave modes and leaky-wave modes in open waveguides are not yet so well known in the academic environment. Nevertheless, this study is necessary, since novel open dielectric waveguides have been proposed for millimeter-wave and optical electronics in order to reduce the conductor losses. Therefore, the comprehension of the phenomenon of leaky-wave modes and behavior is indispensable for any future microwave engineer, who will have to work with the new millimeter-wave and optical technologies. This program constitutes the first tool explicitly conceived to help the teaching of the working principles of open dielectric guides loaded with printed cirCUits, and the associated practical leaky wave antennas (LWAs). The code can be a very good supplement to understand how practical leaky-wave antennas work, after a basic theoretical understanding of leaky waves has been first obtained. From the appearance of leaky-wave modes in open waveguides to the design of a backward-to-forward leaky-wave antenna, some simple and very clarifying step-by-step exercises are presented to illustrate these not-so-well-known concepts. Although the program refers to a specific type of open dielectric guides (laterally-shielded, top-open. stub-loaded. rectangular dielectric waveguides with planar perturbations), the results are applicable to any open dielectric guide, helping to teach the basic theory and topics relating to leaky-and surface wave modes in uniform and periodic structures.
Introduction
T he topic of waveguides is one of the basic chapters in any course of electromagnetics. Rectangular, circular, and coaxial waveguides can be analytically studied due to their canonical geometries, and their constitutive equations can be easily derived from Maxwell's equations {I, 2]. The set of pennitted modes for each waveguide is obtained from these equations, and from this arises its modal spectrum. Many important and basic aspectssuch as the cutoff frequency, the fi eld pattern inside the waveguide, and the frequency dispersion of each mode -need to be taught to an electric engineer in order to understand the working principles of waveguide propagation. More-complicated waveguides -many of which have open boundaries and planar metallizations -have been proposed for millimeter-wave and optical electronics, in order to reduce the conductor losses while maintaining a simple geome try [3] . These novel waveguides cannot be analytically analyzed, and numerical techniques must be developed for their study [3] .
Radiation from these open waveguides can occur, being an unwanted phenomenon, since it creates crosstalk and radiation
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ISSN 1045-9243120061$20 ©2006 IEEE losses [4, 5] . Moreover, radiation from open waveguides has been extensively used in order to create novel leaky-wave antennas for the millimeter-wave band [6] . In any case, it is necessary to under stand which conditions cause a given mode of an open waveguide to radiate.
Leaky-wave modes are part of the modal spectrum of open waveguides, and they can solely describe the radiated field pattern of a leaky-wave antenna under some conditions (basically, when direct radiation from the source of the open waveguide -continu ous spectrum -is avoided). Therefore, the propagation and radia tion characteristics of a given leaky-wave mode (maximum radia tion direction, beamwidth, polarization, frequency bandwidth, etc.) must be known and controlled in order to design a leaky-wave antenna (L W A). There are basically two types of leaky-wave antennas that provide radiation from open waveguides by intro ducing perturbations, namely unifonn and periodic leaky-wave antennas [6] . Figure I shows two unifonnly loaded dielectric waveguides and one periodically perturbed guide ( Figure 1 a corre sponds to a unifonn slotted structure, Figure 1 b is a unifonn strip loaded guide, and Figure I c shows a periodic strip-loaded guide). The radiation mechanisms in each type of structure (uniform or periodic) have some points in common and some differences. This paper describes some simple and illustrative exercises that can be done with the help of a software tool and associated graphical user interface (GUI) environment, in order to understand the theory behind the propagation and radiation of leaky waves in such laterally-shielded open dielectric guides, perturbed with pla nar circuitry. Leaky-wave modes have been known for the last four decades [7, 8J , and many articles and works have been published, ""'Studying their behavior in different open waveguides, and their utility for conceiving novel leaky-wave antennas [9, 10] . The impact of planar technology and new open dielectric waveguides for the millimeter and optical ranges in the last two decades con fers a more practical and urgent need for teaching future engineers the basic concepts concerning leaky-wave modes and their appli cations [1 1] . However, the study of leaky-wave modes has not yet been introduced in electromagnetism education for future micro wave engineers, probably due to the absence of any conunercial software capable of analyzing such modes in a student-friendly way. For this purpose, a novel interactive environment has been created for the analysis of leaky-wave modes in some types of lat
erally-shielded open waveguides, such as those shown in Figure 1 .
The program has been named PAMELA (Program for the Modal
Analysis of Laterally Shielded Structures, in Spanish). It has been developed using MATLABTM 6.5, in order to take advantage of its graphical facilities. Due to the highly analytical and matrix nature of the implemented method [12, 13] , the computations are fast enough to permit interactive work, obtaining visual results in real time.
The main objective of this paper is to show how this program can help to teach some advanced concepts relating to the nature of radiation from open dielectric waveguides loaded with uniform and periodic printed circuits. After the students have become familiar with the basic concepts of leaky waves on structures, which can be studied theoretically (for instance, with simple dielectric layers), this code can be a good supplement to numerically analyze a more complicated (but also more-practical) type of lcaky-wave-antenna structure. The GUI associated with the software is described in Section 2, while the next sections present some simple but very illustrative exercises to aid in understanding the leakage phenome non in the proposed structures. Section 3 presents the study of a completely shielded strip-loaded uniform dielectric waveguide.
This first exercise helps in understanding the working mechanism of the program, and also aids in easier understanding of what hap pens to the modes of a closed waveguide when it is opened. Sec tion 4 extends in the study of surface and leaky-wave modes in open dielectric guides, while the frequency response of leaky-wave modes and the transition to surface waves is studied in detail in Section 5. Section 6 shows how some types of leaky-wave modes can be used to conceive leaky-wave antennas (L W A). The beam direction frequency-scanning capability of leaky-wave antennas, and the problem of the variation of the beamwidth with frequency, are also studied in this section. Section 7 presents the study of a periodic structure, introducing space hannonics theory and the phenomenon of backward leaky-wave radiation. Finally, Section 8 shows how to use this program to analyze and design a practical backward-to-forward leaky-wave antenna. The conclusion section summarizes all the concepts that can be trained using this program.
These concepts can be learned by the student thanks to the combi nation of the mathematical expressions and the graphical results presented in this paper.
Program Description
A GUI (graphical user interface) has been developed to com· bine, in a si ng le software tool, all the elements needed to obtain the modal .spectrum of laterally·shielded open waveguides, such as those shown in Figure 1 . The main window of the program is shown in Figure 3 . The basic theory underlying the study of closed waveguides (2] must be well known to the student. The first pur pose is to obtain the propagation constants in the longitudin al direction of the waveguide (k y' according to the reference axes ()f , Figure I ) for the permitted modes. For the case of leaky-wave modes, the propagation constant is complex, with a real part that is the longitudinal phase constant (P y ) and an imaginary part, also called the attenuation constant, a y :
where ko is the free-space wavenumber, and £rejJ is the effective relative constant, which, in general, can have a complex value. The complex nature of the longitudinal propagation constant is due to the decrease of the amplitude of the leaky-wave mode as it propa
gates through the open waveguide, as can be inferred from the inverse Fourier transform of a sinusoidal time-varying field:
A( WOf):; 9ie{ A( ky) ejOV} = e -ay y cos ( wo' -Pyy). (3) This attenuation might be caused by radiation losses. That is, the mode suffers leakage of power as it propagates, radiating at a given angle, Bm, and it is therefore called a leaky-wave mode. Figure 2 illustrates this phenomenon. Figure 3 shows the main window of PAMELA, a program specifi cally developed to study and teach leaky-wave modes in a visual and interactive way.
The user must first choose the type of structure to be studied (strip, slot, no planar metallization), and must introduce the values for its geometrical parameters (according to Figure I ). This is done using the Input Parameter window, which appears when the button indicated with the number 1 (Input Parameters) in Fig   ure 3 is pressed. The top-left region of the main window shows a figure of the type of structure that is being analyzed (strip/slot, closed/open waveguide, unifonnlperiodic), together with its con stitutive dimensions, as shown in Figure 1 . Loading and saving controls permit storing the parameters introduced in the main win dow (the geometrical patameters of the structure and the numerical parameters for the analysis) in a text file, and allow recovering them in a new session. The numerical method used for the elec tromagnetic analysis is based on the Method of Moments (MoM), and the formulati on can be found in [12, 131 . The kernel of the program computes the determinant of the MoM matrix (det P).
This determinant is a function that depends on the geometry, the frequency, and the value of ky. A given ky value will bc a solution of M axwell's equations for a given geometry, G, and fre quency,f, if the following condition is satisfied:
56 y -+- Figure 2 . A leaky-wave mode propagating and radiating from a dielectric guide.
Using the Input Parameter window (button 1 of Fig   ure 3 ), the user must also introduce the parameters for the compu tation of ¢ : the frequency of analysis, f, and the range of values, £re jJ' for which the function <D( ky) will be computed in the real Py axis. In this way, by pressing the Show Det� P button (number 2 in Figure 3 ), the function <f>( ky ) will be computed and the results will be plotted in the window shown at the bottom of Fig  ure 3 . A given solution (a mode of the waveguide) of the analyzed waveguide exists each time this graph crosses the zero level. Using the Find Mode button (number 3 in Figure 3 ), the user can find the chosen zero of ¢( ky ), which correspo nds to a permitted mode. As it will be explained throughout this paper, a search can be conducted for two different types of modes, namely, closed
waveguide modes and open waveguide modes. These can be selected using the controls associated with the Find Mode button.
For instance, Figure 3 shows that the program has found three modes in a closed microstrip waveguide. Once a given ky solution has been found, its fields (currents, electric field, magnetic field, power density, radiation pattern) can be plotted in one or two dimensions using the controls associated with the Fields button shown in Figure 3 . The field distributions will be plotted in new windows, which can be saved or printed. Besides this, the solution found can be used to make a dispersion analysis, which can be done using the frequency as the sweep parameter, or by sweeping any geometrical parameter of the structure. The button labeled Dispersion in Figure 3 is used for this purpose. Figure 4 shows the functional block diagram of the program.
In the next sections, some examples will illustrate the working principles of this program, and the types of results that can be obtained for teaching the leaky-wave phenomenon and its applica tions.
Real Modes in Closed Waveguides
To more easily understand the theory involved in the propagation of modes in open waveguides, it is better to start by studying the corresponding completely shielded waveguide, and later proceed by opening it. To illustrate this, a uniform strip- ! '.: ·:: f: r.l121�����;��I:: Ez and E)(.for plane y9) mm,
Ig .", loaded dielectric waveguide (such as that shown in Figure Ib) will now be analyzed. The user must choose a strip-type structure and insert the values for each geometrical parameter. This is done using the Input Parameter window shown in Figure 5 , which is asso ciated with button 1 of the main window ( Figure 3 ). Figure 5 also shows the dimensions of the proposed structure for this fi rst exer cise.
The proposed completely-closed dielectric guide has a rela tive dielectric permittivity 8r =' 9, wi th a strip of width W =' X 2 -XI =' 1.2 mm located symmetrically with respect to the lateral metal walls. The walls are separated by a distance a = 1.4 mm (Xl = 0.1 mm, X 2 = 1.3 mm). As commented on above, the kernel of the program computes the determinant of a matrix obtained by a numerical procedure (the Method of Moments). This is obtained for a range of values of the effective relative dielectric constant, sr eff, related to the longitudinal propagation constant ky by Equation (1) . Gre ff will be swept from sreff =' 0 to sre ff -= 9 , which is the range of all possible real positive values for s�eff' since the dielectric substrate used had sr =' 9. The analysis is per formed at a fixed frequency of f =' 43 GHz. The user must press button 2 of the main window in Figure 3 , Show Det-P, and the program then calculates the function det P = ¢ ( ky) =' ¢ ( s reff ) . It then plots a graph at the bottom of the main window with the real and the imaginary parts of the determinant, as shown in Figure 3 . A detail of this graph is presented in Figure 6 , where it can also be seen that there are three different solutions at this frequency of 43 GHz. Each one corresponds to a zero of the function !.ll ( ky ) , and therefore to a permitted mode of the closed waveguide. These modes are said to be real modes, since they have a real ky solution.
To find a given mode, the user must press the Find Mode button, which corresponds to Step 3 of the main window in Fig  ure 3 . A new dialog window appears, in which the type of mode to be searched must be selected ( Figure 7 ). In this first example, we are interested in the study of real modes, since the structure is completely closed. The user must also choose the order of the mode to be found, the first mode being the dominant mode, that is, the mode that appears at a higher value of sreff in the det P graph. Figure 7 shows the dialog windows used to find the first mode.
Once the user presses the Search button of this window, a circle with the order of the mode found appears in the position of the cor responding zero of the det P graph (see Figure 6) . The values of fly and ay of the propagation constant of the chosen mode come into view below the Find Mode button, together with the fre quencyofanalysis, as shown in Figure 7 . Once a given mode has been found, different types of plots of the electric, magnetic, current, and power-density fields can be obtained using the button Fields (Figure 3) , which opens the dialog window shown in Figure 8 . This Figure shows how to plot the electric fields in the cross section of the closed waveguide (the y = 0 plane, transverse z�x coordinates). This window also allows determining the resolution of the grid used to plot the fields.
By pressing the Plot button, new windows appear with the different components of the vector fields. The representation of the fields informs the student about the nature of each mode, and helps the student to understand in a more visual way the structural differ ences of each type of mode (11] , as will be illustrated. Figure 9 shows the transverse components (x-and z-directcd) of the electric field in the cross section of the waveguide (the plane y '" 0) for the three real modes found in the closed strip-loaded structure. b)
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-0.13 · The dominant mode, mode I, corresponds to the quasi-static solutIOn of the two-conductor structure: that is, a mode the electric field of which is directed from the strip conductor to the rectangu lar shield walls (if the shield was less close to the strip, and the dielectric thickness, D, was lowered, this mode would be the well known main mode of a microstrip line.) The second mode is called a channel-guide mode [14] , since the electric-field lines emerge from one of the lateral metallic walls and go to the opposite side, as if they were guided between the channel waveguide fanned by the two parallel plates. However, this horizontal electric field is perturbed by the strip, which makes the field lines couple to it, as � can be seen in Figure 9 . The third and last mode is basically the TEIO mode of the rectangular dielectric guide, but perturbed by the two slots created at both sides of the centered strip. It can be seen from Figure 9 that the net electric-field polarization is vertical, in opposition to the net horizontal field of the channel-guide mode. It is important to notice this difference in order to understand their utility for leaky-wave antennas.
Open Waveguides: Leaky-Wave Modes and Surface-Wave Modes
The strip-loaded dielectric guide is opened on its top side by
in the Input
Parameter window ( Figure 5 ). The user must plot the new <1> (creff ) function using the Show Det-P button, as previously done, Obtaining the result shown in Figure 10 .
The graph shown seems to be essentially similar to that obtained in Figure 6 , observing again three different possible modes in the structure. It looks as if the open waveguide behaves the same as the closed waveguide. However, the student must realize that something very important has happened to det P for values of creff below firefJ = I . The real part of det P , which was equal to zero fo. all the range of variation of &refJ in the c1osed waveguide case (see Figure 6 ), now differs from zero below cre ff =1. However, the third zero of detP goes away, because both the real and the imaginary part of det P become zero at a given creff solution below cre ff = 1, producing mode number 3.
To understand the radiation mechanism, the user must change the position of the strip, which now must be located asymmetrically with respect to the lateral walls and attached to one of the side walls (Xl = 0 mm, X 2 = I. I mm). The new graph of det P for this asymmetrically loaded open waveguide is shown in Figure II .
Two main differences with respect to the symmetrically located strip are observed in the new plot ( Figure 10 ). First of all, it can be seen that there is only one mode above &re ff = I, which corresponds to the chann el-guide mode of the closed structure (Mode 2 in Figures 6, 9 , and 10). The fundamental mode of the closed structure (the quasistatic mode) has disappeared, due to the fact that now there is only one conductor in the waveguide (the strip is short-circuited to the side wall). Therefore, the quasi static solution (which is originated by a potential difference between two different conductors) cannot exist. Second, the third mode of Fig  ures 6 and 10 (the perturbed TEIO mode in Figure 9 ), which was below the creff = 1 limit, has also disappeared. In the asymmetric structure, the real and imaginary parts of det P are both different from zero for &re ff < I. This last condition is of great importance, since the solution might not anymore be along the real ky axis, but it can migrate to the complex ky plane. To perfonn a search of a given complex mode, the user must select the Leaky-Wave Mode search option in the Find Mode window, as shown in Figure 12 . This search can be done in two different ways. The user can intro duce the coordinates of a given initial point (j3y and ay) in the complex plane -which must be an initial guess -from which the program will search for a zero of det P (k y ). For this purpose, the user must introduce the order of the real mode of the closed waveguide to be used as an initial point (see the Mode input box under button 3 in Figure 3 ), and the number of steps in which the aforementioned iterative search must be executed (see the Steps input box in Figure 12 ). Figure 12a shows the results obtained for the search of the complex mode by starting from the second mode of the closed asymmetric waveguide. Remember that the quasistatic mode has disappeared, due to the connection of the strip to a lateral wall of the box. In this case, the first mode is the channel-guide mode, and the perturbed TEIO mode being studied becomes the second mode.
A new window is opened, showing the step-by-step movement in the complex ky plane, so the student can see how the real mode moves into the complex ky plane as the top wall is opened. The final value of this leaky-wave mode complex propagation constant at 43 GHz is ky = 747.24-)12.85 [m�l] . Also, this movement is added in the Show Det P graph of the main window.
The user can also introduce an initial guess for the complex ky solution to be used as a starting point in the search algorithm, as shown in' Figure 12b (where the point ky =700-jlO was used as initial point). The questions that must be asked at this point are these: Why is the channel-guide mode a real mode, independently of the waveguide top cover being closed or open? Also, why has the perturbed TEIO mode moved to the complex plane in the case of the asymm etrical open structure, while it was a real mode for the case of the centered-strip open waveguide? A little bit of mathe matics is needed to answer these questions. The z-directed propa gation constant in the vacuum medium for a plane wave can be written using (5) with ky being the longitudinal propagation constant of a given mode in the open waveguide studied. Any of the studied modes is detennined by a ky value. However, the field variations in the transverse direction cannot be modeled by a simple plane-wave variation. The variation of the field of any mode in the transverse direction is more complicated. Nevertheless, any mode of the later ally-shielded waveguide can be expressed as a contribution of the orthogonal set of parallel-plate modes (PPM) supported by the lat eral walls (separated at a distance a). In this way, it can be said that each mode of the open waveguide is created by the convergent summation of many parallel-plate modes, each one characterized by its harmonic variation in the x direction:
In the case where the main parallel-plate mode
is excited in a given waveguide mode, Equation (5) can be used to determine its z propagation constant in the vacuum, obtaining the fo llowing result:
This transverse propagation constant must be real in order to allow this main parallel-plate mode to radiate: that is, to be above cutoff in the vacuum medium. Therefore, the radiation condition fo r the main parallel-plate mode can be written as fo llows:
Therefore, it can be said that cre f! = I is the limit of the radiation region fo r the main parallel-plate mode. For higher-order parallel plate modes, thi s condition is more restrictive: ky must have a sti ll lower value (which can be easily obtained by introducing Equa tion (6) into Equation (5» . Since any mode of the lateral ly-shielded open waveguide can be expressed as a summation of parallel-plate modes, it is necessary that at least one of these parallel-plate modes radiate in order to say that the waveguide is radiating. For this reason, it can be said that above e ref! '" I (k y I k o = 1), none of the modes of the open waveguide can radiate, since all the energy is below cutoff in the vacuum. In this case, it is said that the mode is a surf ace-wave mode, having a real ky (and crejJ ), which means that all its propagating energy is confined in the dielectric slab. This is the case fo r the channel-guide mode shown in Figure II, the eref! of which is real and above unity. The radiation region (ky/ko <I) is also called the "fast-wave" region, since the mode has a longitudinal phase velocity greater than the velocity of light in vacuum [16] .
However, the second question is not yet answered. Figure 10 showed a real solution (TE) 0 mode) below the t: reJf = I limit for the symmetrically located strip, while fo r the asymmetric case 
2.
The radiation region of any mode is the so-called "fast wave" region, in which the cref! value is below unity.
3.
To make the mode radiate (a leaky-wave mode), the main parallel-plate mode ( kx, m = o = 0) of the laterally shielded waveguide must be excited, since this mode is the only mode above cutoff in the air region, and there fo re responsible for the radiation mechanism.
4.
The TE lO mode of the rectangular dielectric guide must be perturbed asymmetrically to make it radiate, since the asymmetry is responsible fo r the excitation of the main parallel-plate mode ( m = 0). If the planar perturbation (strip or slot) is located symmetrically with resp ect to the side walls, the mode is a surfac e-wave mode, even in its ''fast-wave'' region, since the main parallel-plate mode (m = 0) is not excited.
Frequency Dispe rsion : Radiation From Leaky-Wave Modes
All previous results have been obtained fo r a fixed fr equency value (43 GHz). The frequency dispersion of the leaky-wave modes must be studied in order to understand the behavior of the open waveguide fo r different frequencies. Once a given mode has been fo und at a fixed frequency, a dispersion analysis can be per fo rmed using the PAMELA environment. The user must press the Dispersion button of the main window, and a new Dispersion Analysis window (see Figure 14) will open. The user must select which parameter to sweep (in our case, it is the frequency), the range of variation (in our case, fr om 43 GHz to 100 GHz) and the By pressing the Compute button, the program will start to make the simulations and will plot the results. in all open dielectric waveguides [16] . By observing separately the evolution of the real and the imaginary parts of ky , and expressing them nonnalized with respect to ko , new and interesting conclu sions can be obtained. 
behave in a similar way, the perturbed mode having a lower phase constant due to the fa ct that the field propagates in an inhomoge neous medium, between the dielectric slab and the air region. However, an important difference is seen in Figure 15a . When the real TElO mode reaches its cutoff zone (below 3S GHz) the phase constant becomes zero, since the propagation constant becomes purely real. However, fo r a leaky-wave mode, the nonnalized phase constant reaches a stable value diffe rent from zero below a given fr equency, which seems to be related to the cutoffregion. Figure
are quite similar, a rapid increase of a/ko being observed as the fr equency decreases in the cutoff region. However, the cutoff region and the radiation region of a leaky-wave mode must not be confused. For this purpose, Figure 15c shows a detailed plot of P/ko and a/ko fo r the perturbed TEIO leaky-wave mode. Above 44.5 GHz, ay/ko becomes zero, which is due to the conversion of� the mode to a surface wave, therefore eliminating the radiation phenomenon. Below thi s transition frequency, a y /k o rises in a smooth way. This region is the radiation region, the upp er limit of which was established by Equation (8) . Moreover, below 41 GHz, the attenuation constant increases in a rapid way, fo llowing the typical curve of the imaginary part ofa TEIO mode below cutoff in a standard waveguide (see Figure 15b) . The attenuation constant, a y , can be divided into two di fferent parts, namely the reactive attenuation constant and the radiative attenuation constant (9) Both parts contribute to the decreasing-amplitude behavior of the mode as it propagates along the waveguide axis. However, the reactive attenuation corresponds to the mode carrying reactive power (the mode below cutoff) , while the radiative attenuation part accounts for the radiation losses (the energy radiated into space). In the cutoff region, aREACT dominates the rate of radi ation losses.
This region can also be limited by the next condition, which has been checked by numerical measurements [17] :
This last condition, together with the radiation upper limit (the transition to surface wave), allows gathering the limits of the radiation region of a leaky-wave mode in a numerical expression, once the values of the phase and attenuation constants are known:
Radiation Region Limits ofa Leaky-Wave mode a fJ
These limits establish the practical fr equency bandwidth of radia tion of a leaky-wave antenna. Figure Be shows the electric-field pattern fo r the perturbed TEIO mode at 60 GHz. At this frequency, the mode has made the transition to a surface wave: it can be seen from the plot that the energy is confined in the dielectric region, and no fields propagate thro ugh the vacuum region. The spectral gap associated with the transition between the leaky and surface regimes [16] can also be fo und by PAMELA. In this region, a mode can be leaky even when it is in the slow-wave zone. However, this regime is out of the scope of the illustrative examples described in this paper. The radiation pattern of a leaky-wave mode is that of an exponentially decreasing illuminated aperture, resulting in a nar row beam radiating at a given angle 8m , measured fr om the broad side direction (see Figure 2) . The resulting main-beam direction (8m) and the 3 dB beamwidth (tl.O) can be approximated by [6] 64
( 1 3) These expressions are used by the program to compute the charac teristics of the main radiated beam from the phase and attenuation constants of a leaky-wave mode. Figure 16 shows the results obtained fr om the perturbed TELo mode in its radiation bandwidth (4 1-44.5 GHz). A plot of the transverse power density flux inside the waveguide and the numerical radiated patterns (E and H planes) are also shown in Figure 16 . It can be seen that the energy flows from the dielectric guide to the air region. The parallel-plate stub is needed to fo cus the energy, avoiding unwanted grating lobes and cross polarization. How the field emerging from the dielectric guide has a reactive zone, above which the electric-field polarization becomes purely horizontal, can be seen fr om Fig   ure 13b . Figure 16b it is also seen that the outgoing power flux lines are fo cused by the parallel-plate stub once they have propa gated to a given height. The computed radiated pattern, observed in Figure 16b , is that of a narrow beam, tilted at an elevation angle 8m in the H plane (the y-z plane), with some secondary lobes. This narrow beam in the H plane is due to the highly effective radiating surface of a leaky-wave antenna, obtained from the exponentially decaying illumination of the waveguide aperture. From Equa tion (13), it is seen that as the attenuation rate, a y' is lower, the radiated beam is narrower, obtaining higher antenna directivities.
In the E plane (the x-z plane), a not-so-narrow beam, directed broadside with respect to the azimuth angle, ¢, is obtained. Array techniques can be used to increase the directivity in this E plane.
Two further important conclusions about leaky-wave antenna can be obtained from Figure 16a . According to Equation (12), the angle of maximum radiation, 8m , depends directly on the normal ized phase constant, fly / kO ' of the leaky mode. Since the phase constant of a leaky-wave mode (in our case, the perturbed TEl O mode) is clearly dispersive as a fu nction of the frequency, the pointing direction of a leaky-wave antenna is scanned with the fre quency. In particular, and according to Equation (8) and the varia tion of P y observed in Figure 15c , it can be seen in Figure 16a how this Om angle is scanned from near the broadside direction, obtained at the lower-frequency limit (Om = 12° at 40.5 GHz), to the end-fire direction, which is reached near the transition to a sur fa ce wave (8m = 90" at 44.5 GHz). This is the first important fe ature of a leaky-wave mode: the fr equency-scanning-angle behavior.
This can be of much interest in some applications (e.g., radar and tracking), but it can also limit the bandwidth for fixed-beam appli cations. The other interesting characteristic is re lated to the beam width frequency response. In Figure 16a , it is seen that the beam width, !10 , strongly varies with the frequency, having a narrower beam as the frequency increases. In the cutoff region (below 41 GHz), the beamwidth seems to rise due to the rapid increase of ay , due to the reactive attenuation. However, the radiated beamwidth fo rmula has no physical meaning outside the radiation region. The variation of the beamwidth with the frequency can be an annoying effect in many applications where the same directivity is needed fo r different pointing directions.
At the end of this second exercise, the student should have understood the fo llowing important topics relating to the behavior ofleaky-wave modes:
Leaky-wave modes in open dielectric waveguides have
an effective radiation-frequency bandwidth, limited by the cutoff region and the surface-wave region. The lim its of these regions can be obtained from the leaky-wave mode phase and attenuation constants.
2.
The attenuation constant of a leaky-wave mode can be divided into two different contributions, one due to reactive attenuation and the other due to radiative losses, the first being dominant in the cutoff region.
3.
Leaky-wave antennas have large bandwidths, due to their traveling-wave nature. This is in contrast to the resonance-radiation mechanism of other types of anten nas (printed-circuit patches or slots), the bandwidths of which are much more limited.
4.
High gains in the H plane can be obtained from a leaky wave antenna by exciting a weakly attenuated leaky wave mode. However, arrays of leaky-wave antennas must be used to enhance the low directivity in the E plane.
5.
Dielectric-fi lled leaky-wave antennas have the capabil ity to scan the pointing direction with frequency, from near-broadside to end-fire. The beamwidth also varies with the frequency.
Uniform Leaky-Wave Antenna Design
Once the student is familiar with the leaky-wave phenome non in open dielectric waveguides, we can start with the design of a uniform leaky-wave antenna. The main idea fo r a versatile leaky wave antenna design is to find a structure in which the leakage rate (ay) of a given leaky-wave mode can be varied while maintaining unchanged its phase constant (fly). This is necessary fo r three practical reasons:
1.
According to Equations (12)- ( 13), if one can change ay without perturbing Py , the beamwidth can be controlled in a wide range (from narrow to wide beams), independently of the scan angle of the antenna.
2.
Moreover, the illumination of a practical leaky-wave antenna must be adjusted to a given pattern in order to control sidelobes [6] . For this purpose, the attenuation constant, ay ' is varied along the length of the antenna.
However, the antenna must radiate at the same angle at any point, which means that fly must remain constant all along the antenna's length fo r the different values of ay .
3.
When fe eding a leaky-wave antenna, the source must waveguide (a y = 0), the section of the leaky-wave antenna must be smoothly varied to obtain the final radiation rate (a y 7' 0). In this variation of a y' the phase constant of the leaky-wave mode must remain unchanged in order to radiate at a single angle, avoiding mismatch between the source and the antenna.
Not all the leaky-wave modes allow their phase and attenua tion constants to be controlled in such an independent fa shion.
Moreover, the leaky-wave antenna designer must find which geo metrical parameter of the cross section of the antenna can be modi fied to vary a y in a wide range while not perturbing fly . modes were found (see Figure 9) , namely, the quasistatic mode, the chaImel mode, and the perturbed TElO mode, in order of appear . ance. Their propagation-constant frequency dispersions are plotted in Figure 17 .
The quasi-static mode is the main mode of the open waveguide. It can be seen from Figure 17 (the continuous line) that this mode's normalized phase constant, Py! ko , is al ways greater than unity. Therefore, this mode call110t radiate, and must be avoided fo r uniform antenna applications. For this reason, the strip was connected to the side wall, making this mode disappear from the modal spectrum of the waveguide. The other two modes have a radiation range. The dominant leaky-wave mode is the chann el-'
guide mode (the dotted-dashed line), while the second leaky-wave mode to appear is the perturbation of the TElO mode (the dashed line). Although the two modes radiate in their corresponding radia tion band (around 17 GHz and 43 GHz, as can be seen in Figure 17 from the range corresponding to Equation (1 1», the TElO mode is more suited to being used in antelll1a applications than is the chan nel-guide mode. The reason is that the TEIO mode radiation can be better controlled (by varying uy without changing P y ). This is due to the fac t that the challl1el guide excites the main parallel-plate mode (In = 0) independently of the strip position or width, since the net electric field of the channel guide is directed from one side wall to the other (horizontal electric field), as can be seen in Fig   ure 9 for Mode 2. In contrast, the TE I O mode is vertically polar ized, and must be asymmetrically perturbed to excite the main par allel-plate mode (m = 0), as was shown in Figures 13a and 13b . In this way, by controlling the strip position or width the leakage rate can be controlled from zero (when the strip is symmetrically located) to high values (for a high degree of asymmetry) . This control is not possible fo r the chann el-guide mode. It can therefore be said that the TE IO mode allows controlling the radiation rate by the asymmetry principle, while the channel guide does not.
With this third exercise, the student should have learned the fo llowing concepts:
1.
A versatile leaky-wave antenna design is based on radi ation from a leaky-wave mode, the phase and leak age constants of which can be controlled independently.
2.
For this purpose, the diffe rent types of open waveguide must be examined to fi nd a geometrical parameter of its cross section that can perform the aforementioned control of the radiation.
3.
Moreover, not all the leaky-wave modes of a given open waveguide can be controlled in the same way. For instance, the perturbed TE IO mode of a dielectric guide is better suited fo r antenna applications than a channel-guide mode.
Periodic Leaky-Wave Antennas : Excitation of Space Harmonics
The second basic type of leaky-wave antenna is based on periodic structures, sharing some similarities but also having some diffe rences with respect to a uniform leaky-wave antenna [6] . The PAMELA environment allows analyzing periodically perturbed (Fig   ure 5) . In this example, the parameters of the proposed periodic strip-loaded guide are P = 3.38 mm, Q = 2.366 mm, L",.1 mm, D=IAmm, H=Omm, 6r =9mm, W=0.84mm, and f = 42 GHz, which are those of a practical published design [19) .
The student must be introduced to the basic theory of sp ace har monics before the practical session [20) .
When the cross section of a structure is not uniform, but instead it is of periodic nature, it cannot be properly said that the modal solution of such structures is described by the given modal longitudinal wavenumber. However, it can be said that the solu tions of a periodic structure can be expressed by an infinite sum mation of space harmonics, the phase constant of all of them being related by the fo llowing expression:
27,
Pyn "" Pyo +np, n = -co, .. ,-2, -1,0,+1, +2, . . ,+co , (14) with P being the period of the structure (the length of the unit cell).
Once the phase constant of the main space harmonic (n = 0 --'; Py a) is known, the propagation constant of the set of higher-order space harmonics can be determined by Equation (14) .
In this way, it can be said that the main space-harmonic wavenum ber value is a representative solution fo r the periodic structure, as is done fo r the modal solutions of a uniform guide.
The student is asked to study the closed periodic structure by computing the det P function sweeping Gre ff from -9 to 9, since the substrate relative permittivity is G r '" 9 (we will explain-later the physical meaning of having negative values fo r fJy and 6reff ) .
Once the Show Det -P button has been pressed and all the zero s are searched, the aspect of the main window det P graph obtained is shown in Figure 18 .
Six real solutions (six zeros of det P) are fo und at the fre quency of 42 GHz and between the proposed limits for E: reff '
However, the student must learn to interpret the physical meaning of these solutions. For this purpose, it is necessary to perform a new analysis at a different but close fr equency, and to again find the zeros, in order to observe the fr equency behavior of these solu tions. Figure 19 shows the same plot as Figure 18 , but having added the position of the zeros fo und at 40 GHz. The arrows indi cate the evolution of the zeros in the increasing frequency direc tion, fr om 40 GHz to 42 GHz.
At a first glance, the student could think that six different solutions exist in this periodic structure; however, all of them are related. The zeros fo und with numbers 2, 4, and 6 are related by Equation (14), and are therefore part of the same set of space har monics. Mode 2 (fJ yo "'+1275.2 rad/m) is the main space harmonic, and modes 4 and 6 are the space harmonic of indexes n = -1 and n = -2 , respectively:
Pyn = 1275.2 +n--tO rad/m.
(15)
On the other hand, modes I, 3, and 5 are also related by Equa tion (14) , which determines the space-harmonic order of each one (mode 5 is n '" 0, mode 3 is n = -1 , and mode 1 is n = -2 ): (15) and (16) are related, since one equation is the other equation but with the sign changed. The stu dent must remember that a given modal solution of the inhomoge neous Maxwell's equations has two variants, the progressive and the regressive variants, having the sign changed on their phase con stants. The physical meaning of each solution is that of an ingoing
Dr an outgoing wave with respect to the selected waveguide direc tion (the y direction, in our case). The sign of the power-flow direction of a wave can be computed with the fo llowin g expres sion, related to the group velocity [2] (the slope of the /3 -m dispersion diagram) :
( 1 7) From the frequency evolution shown in Figure 19 , it is seen that as expected, zeros with numbers 2, 4, and 6 correspond to the progressive space-hannonic solution (the +y direction), while zeros 1, 3, and 5 are the solution of the corresponding regressive coun terpart. The student must fix his or her attention on the progressive set of space-hannonic solutions (zeros 2, 4, and 6). Some of them have a positive phase constant (mode 2 in Figure 18 ), while others have a negative phase constant (modes 4 and 6 in Figure 18 ). The sign of fly indicates the dire ction of the phase change (related to the phase velocity). It is said that a propagating wave is af orward wave if its group and phase velocities are parallel, while if they are anti-parallel, this wave is said to be a backward wave. Table 1 summarizes all these concepts for the studied zeros.
The existence of backward waves is a very interesting phe nomenon, known for many years [6, 20, 21] , which now has resulted in much interest in the scientific community due to the attractive and practical applications of metamaterials [22] . The PAMELA tool helps to understand this interesting phenomenon of backward waves, and the application of backward leaky-wave modes to leaky-wave ant ennas [23] [24] . As done fo r uniform open waveguides, the radiation region of a mode in an open periodic waveguide can be determined with the fo llowing equation, which is an extension of Equation (8) for the case in which negative phase constants are allowed to exist (space harmonics):
This last expression is the key form ula for radiation from open periodic structures. If any space harmonic (fl y n) of a given solution is in the radiation region, the mode of the periodic open waveguide will radiate. It will have a complex solution fo r the set of space harmonics, with � imaginary part (a y) accounting fo r the radiation losses:
Depending on the case, the radiating space hannonic can be a backward leaky wave ( -1 < /3yn j ko < 0) or a fo rward leaky wave (0 < flynjko <+1). Equation (12) can also be extended to the radiation of any space harmonic, obtaining its elevation angle of maximum radiation:
The user must obtain the frequency-dispersion response for the leaky-wave mode using the zero with number 2 in Figure 18 . This zero was associated with the main p ro gressive space harmonic of the open periodic waveguide. The program automatical ly detects that the structure is periodic (P *' Q) and obtains the set of space harmonics associated with this solution, using Equation (19) . Fig   ure 20 shows the results ob tained fo r the phase constants of each space harmonic and the angle of radiation, Equation (20), for a fre quency sweep fr om 25 GHz to 65 GHz.
Some interesting results can be obtained from Figure 20 . The harmonic phase constants graph shows the evolution of n = 0, -I, -2 space hann onics. The main space-hannonic curve resembles the dispersion of the phase constant of the waveguide mode, starting from close to zero near the cutoff frequency (30 GHz), and increasing its value with the fr equency (as it corre sponds to a progressive wave, see Equation (17». Therefore, the radiation region of this main space harmonic is always in the fo r ward quadrant (/30/ ko > 1 ). In contrast, the n = -1 space harmonic emerges from the backward-leaky zone at 38 GHz (P_I / ko > 1 � em-1 < 0°) and crosses the fo rward-leaky region up to 58 GHz frequency, where this harmonic converts to a surface wave. The second-order space hannonic behaves in a similar man ner. The backward-to-forward scanning radiation mechanism of a periodic leaky-wave antenna is represented in Figure 21a , and can be easily understood from these last results. As in the unifonn leaky-wave antenna, the traveling-wave nature of the antenna pro vides a fr equency-scanning behavior with frequency. The main dif fe rence is that the periodic perturbation allows excitation of the n = -1 harmonic, which can scan fr om backward to fo rward as the frequency is increased. The phase constant of the n = -1 harmonic (fJy-l ) changes its sign from negative (backward) to positive (for ward), but the power direction inside the guide is always positive (aj3y_l / am > 0). However, the radiated beam is backward directed when the wave phase velocity is negative (!3y-l <0), due to the Fourier transfonn of such a backward illumination. The obj ective is to design the open waveguide dimensions and the periodic per turbations to make the n '" -I space hannonic radiate in the desired frequency band.
However, there are some frequency bands in which the phase · constant seems to vanish. These zones are called prohibited band gaps, and are common to all periodic structures, such as photonic crystals [25J or fr equency-selective surfaces [26] . In these fre quency bands, a reactive phenomenon occurs, therefore avoiding propagation along the periodic structure. This phenomenon can be a desired effect in some applications: fo r instance, in avoiding the excitation of surface waves in antenna applications, or When we want to rej ect the propagation of waves in some specified direc tions of the structure . However, in our case, the band gaps are an unwanted effect that does not allow the antenna to radiate at some speci fi c frequencies.
In Figure 20 , a band gap appears at 44 GHz in the broadside radiation direction of the n "" -I space harmonic. Another band gap is observed at 54 GHz. Figure 22 shows the value of the nor malized attenuation constant, ay / ko ' of this leaky-wave mode. A rapid raise in the value of a y at the aforementioned band-gap fr e quencies can be seen. As happened to leaky-wave modes below cutoff, this high value of ay is not due to an increase in the radiation losses, but to a reactive rejection of the signal. This reactive behavior of the wave can be explained by a sim ple destructive-interference phenomenon, illustrated in Figure 21 b [27] . The progressive wave incident on the strip is partially reflected back towards the source at each strip. Due to the fact that the distance between adj acent strips is P, the phase difference of an n-order space harmonic, reflected back from a strip to the previous strip, can be computed as When 6.¢ is a multiple of 7f, the reflected waves from each strip add in-phase, creating a maximum of power reflected to the source, and therefore rapidly attenuating the resulting wave as it propa gates along the structure in the progressive direction. The whole process is represented in Figure 21b . From Equation (2 1), it is eas ily shown that one of the band gaps occurs when the antenna is scanning at broadside (f3-1 = 0), which corresponds to a value of f30 = -27f / P . In this case, Equation (2 1) leads to a phase diffe rence tl¢_l =27f. The same result (t1¢n =2 7f) is obtained when any higher-order harmonic reaches the broadside direction. For this reason, this type of periodic leaky-wave antenna cannot scan in broadside. Some modifications must be made to allow radiation in this direction [27] .
W1-==Em
A last important phenomenon is observed fr om Figure 20 . It can be seen how the n = -1 and the n = -2 harmonics radiate at the same time above 52 GHz. Each space harmonic radiates a main, narrow beam at its own elevation angle. This effect is illus trated in Figure 21c , and is not desirable in many applications, since the multi-harmonic radiation can produce unwanted interfer ence. One important aspect in the design of a practical periodic leaky-wave antenna is to choose the period length (P) in order to avoid radiation from several harmonics. To understand this idea, the student must have in mind Equation (14) . For higher values of the period length, P, the spectral distance between consecutive harmonics is reduced. This can produce the result that a given higher-order harmonic reaches its radiation region (Equation (18» before the lower-order harmonic has converted into a surface wave.
In practice, this reasoning is applied for the n = 0 and n = -1 har monics. Figure 23 waveguide. In a real leaky-wave antenna design, the main space harmonic would be a perturbation of this TElO mode. It can be seen that with P = 5 mm, the n = -I harmonic starts to radiate before the n = 0 harmonic has left the radiation region (f3o / ko <l). As P is decreased, the n = -1 harmonic moves away from the n = 0 curve. The same process is applied to obtain the maximum scanning angle of the n = -1 harmonic, which is limited by the radiation of the n = -2 harmonic. However, the period, P, cannot be made as smal l as desired, since it can produce the result _ that the first set of space harmonics (coming from the perturbed TElO main mode) interfere with the next set of space harmonics (coming from the perturbed TE20 mode, for instance).
The main concepts that should have been learned by the stu dent in these last exercises are summarized in the fo llowing points:
I.
Periodic guides can be analyzed by using the space-har monic theory.
2.
In the case of open periodic dielectric guides, any of the space harmonics must be in the radiation region to obtain a leaky-wave mode.
3.
The main space harmonic (n = 0) can radiate only in the fo rward quadrant. The n = -I harmonic can be used to frequency scan the radiated beam from backward to fo rward .
4.
Prohibited band gaps occur at certain frequencies, in which the energy is reflected back to the source. One of these band gaps occurs at the broadside direction. \
5.
Much care must be taken with simultaneous radiation from diffe rent harmonics, which �ums into the appear ance of radiation lobes at different elevation angles. The el�ction of the correct period dimension is important to determine the maximum and minimum scan angles.
Conclusions
A software tool and an associated GUI environment has been developed fo r the analysis of the modal spectrum of laterallyshielded rectangular open waveguides, perturbed with planar met allizations. Due to its user-friendly interface, the input parameters can be easily introduced, and fa st, visual results can be obtained in an interactive process. In this way, the user can learn many inter esting concepts relating to leaky waves. The program permits ana lyzing a large variety of structures to obtain the allowed spectrum of modes, including leaky-wave modes in radiating structures. From the fr equency-dispersion curves fo r both f3 and a, the radiation characteristics (the angle of maximum radiation, Om ' and the beamwidth, AO ) of a given leaky-wave mode were obtained. This showed the frequency-scanning capabi lities of a uniform leaky-wave antenna, from near-broadside to end-fire. In 1999, he joined the Radiocommunications Department, UPV, as a research student, where he was involved in the devel opment of analytical and numerical tools fo r the study and auto mated design of microwave filters in waveguide technology fo r space applications. In 2000, he joined the Radio Frequency Divi sion, Industry Alcatel Espacio, Madrid, Spain, where he was involved with the development of microwave active circuits fo r telemetry, trackirig, and control (TTC) transponders involved in many different space missions fo r the European Space Agency (ESA), the National Aeronautics Space Administration (NASA), and other space agencies. In 2001, he joined the Technical Univer sity of Cartagena, Spain, as an Assistant Professor, where he is cur rently developing his teaching activities. His scientific research is fo cused on the analysis and design of leaky-wave antennas fo r mil limeter-wave applications, and the development of numerical methods fo r the analysis of novel passive radiating structures in planar and waveguide technologies. His scientific interests also include the study of active devices for microwave and millimeter wave bands, such as oscillators and active antennas. 
